We present a three-dimensional numerical magnetohydrodynamic simulation designed to model the emergence of a magnetic flux rope passing from below the photosphere into the corona. For the initial state, we prescribe a plane-parallel atmosphere that comprises a polytropic convection zone, photosphere, transition region, and corona. Embedded in this system is an isolated horizontal magnetic flux rope located 10 photospheric pressure scale heights below the photosphere. The flux rope is uniformly twisted, with the plasma temperature inside the rope reduced to compensate for the magnetic pressure. Density is reduced in the middle of the rope, so that this section buoyantly rises. The early evolution proceeds with the middle of the rope rising to the photosphere and expanding into the corona. Just as it seems the system might approach equilibrium, the upper part of the flux rope begins to separate from the lower, mass-laden part. The separation occurs through stretching of the field, which forms a current sheet, where reconnection severs the field lines to form a new system of closed flux. This flux then erupts into the corona. Essential to the eruption process are shearing motions driven by the Lorentz force, which naturally occur as the rope expands in the pressure-stratified atmosphere. The shearing motions transport axial flux and energy to the expanding portion of the magnetic field, driving the eruption. Subject headingg s: MHD -Sun: magnetic fields -Sun: photosphere
INTRODUCTION
It is widely believed that magnetic fields in the form of flux ropes buoyantly rise from the base of the convection zone and emerge at the photosphere to form bipolar active regions. In the chromosphere, emerging magnetic loops drain of plasma as they expand, forming arch-filament systems seen in H . The process of magnetic flux emergence has been modeled with two-dimensional and three-dimensional numerical magnetohydrodynamic (MHD) simulations of buoyancy instabilities arising in magnetic layers (Shibata et al. 1989; Matsumoto et al. 1993 ) placed below the photosphere. More recent simulations have treated the emergence of twisted magnetic flux ropes (e.g., Matsumoto et al. 1998; Magara 2001) . These simulations capture the nonlinear evolution of magnetic flux ascending through a stratified atmosphere, which closely resembles observations of emerging active regions. However, there is a significant feature of magnetic flux emergence that early simulations did not address, which is that the photospheric flow nearly always exhibits a shearing motion (Zirin 1983; Strous et al. 1996) . Shearing of the field occurs as opposite magnetic polarities move parallel to the magnetic neutral line in opposite directions, which energizes the field. It has recently been shown that such shearing motions naturally arise when a magnetic field possessing a component parallel to the neutral line expands in a pressure-stratified atmosphere. This effect was first shown to occur in conjunction with a mixedmode (involving both interchange and undulating modes) buoyancy instability exhibited by horizontal magnetic layers (Manchester & Low 2000; Manchester 2001 ). More recently, the same shearing process has been demonstrated in buoyantly emerging flux ropes (Fan 2001; Magara & Longcope 2003) and magnetic arcades (Manchester 2003) . Shearing of the magnetic field is very significant, given that solar energetic phenomena, such as flares and coronal mass ejections (CMEs), occur over sheared photospheric magnetic neutral lines.
In this paper, we build on the earlier work of Fan (2001) , which numerically modeled the three-dimensional buoyant section of a horizontal flux rope rising from the top layer of the solar convection zone into the corona. This simulation is significant because it demonstrates that the apex of a flux rope passing through the photosphere convincingly reproduces several features of newly emerging flux regions, including the orientation of the arch-filament system, the distribution of vertical magnetic flux, and velocity shear. In this particular simulation, the bottom turns of the flux rope were unable to drain plasma, so the lower half of the rope remained submerged below the photosphere. This fact is of interest, given that there are strong theoretical reasons to believe that flux ropes bodily rise from the convection zone into the corona, where they reside in helmet streamers and support prominence material (Low 1994 (Low , 2001 .
In this study, we investigate the circumstances that allow a portion of a flux rope to fully emerge (actually erupt) into the corona. We begin with a horizontal submerged flux rope identical to that of Fan (2001) with one significant exception: we reduce the length of the buoyant section of the flux rope by a factor of 2. We show that the shorter section of rope bends more sharply and, having fewer turns, drains plasma more effectively than in the case of Fan (2001) . Plasma draining along with self-induced shearing eventually leads to magnetic reconnection, which allows the upper half of the flux rope to separate from the lower mass-laden half.
MODEL DESCRIPTION
Our model system is taken to be composed of magnetized plasma that behaves like an ideal gas with polytropic index ¼ 5=3. The plasma is assumed to have infinite electrical conductivity so that the magnetic field is frozen to the plasma. The gravitational acceleration is taken to be constant, Àgẑ. With these assumptions, the evolution of the system is modeled by the ideal MHD equations, which describe the conservative transport of mass, momentum, energy, and magnetic flux. These equations are then cast in dimensionless form, using photospheric values of the density, pressure scale height, and ion-acoustic speed, specified respectively as ph % 2:7 ; 10 À7 g cm À3 , H ph % 150 km, and v th ¼ (RT ph =) 1=2 % 6:5 km s À1 , where we assume a photospheric temperature of T ph % 5100 K. We express all quantities (unless otherwise stated) in these photospheric-scale units along with time, pressure, and magnetic field strength expressed respectively as t ph ¼ H ph =v th % 23 s, p ph ¼ ph v 2 th , and B ph ¼ (4 ph v 2 th ) 1=2 % 1200 G. The dimensionless equations are then solved using the BATS-R-US code developed at the University of Michigan (Powell et al. 1999) . The code solves the equations of ideal MHD in conservative form, with upwinding of the equations performed with approximate Riemann solvers. BATS-R-US employs a block-adaptive mesh (in this case 6 3 blocks are used) to efficiently resolve structures over many length scales. Designed to run efficiently on massively parallel computers, the code allowed us to run this large-scale simulation to t ¼ 83 (%23,000 iterations) overnight on 256 processors of an SGI Origin 3800.
The numerical mesh for the simulation is set up with cell sizes scaled with the pressure scale height of the atmosphere. Large cells in the corona greatly reduce the computation cost of the simulation by reducing the total number of cells and also increasing the time step set by the CFL condition. The simulation domain is (À60; À38:4; À20) (x; y; z) (60; 38:4; 95:2), which is different from that of Fan (2001) , being smaller in the y-direction and extending higher into the atmosphere to capture the erupting flux rope. The domain is resolved by 15.5 million cells that are distributed over five levels of refinement, with each level possessing cells half the size of the previous level. In the z-direction the cell size increases from Áz ¼ 0:1 in the photosphere to Á z ¼ 1:6 in the corona. The volume of space in which the flux rope rises is uniformly refined at Áz ¼ 0:1, extending over (À20; À7:2; À12:8) (x; y; z) (20; 7:2; 12:4). Noncubic cells are used, with Áy ¼ 2Á z ¼ 1:28Áx. The boundaries in the x-direction (the direction of the flux rope) are prescribed to be periodic, while boundaries in the y-direction are set with a zero gradient, allowing outflow of plasma. The bottom boundary is a nonpenetrating, perfectly conducting wall, while a zero-gradient (outflow) condition is prescribed at the top boundary.
Our initial state comprises a plane-parallel hydrostatic model of the solar atmosphere embedded with a horizontal, uniformly twisted magnetic flux rope placed below the photosphere. The initial state we use was first developed by Y. Fan; details can be found in Fan (2001) . The base of the atmosphere (À20 z 0) is adiabatically stratified, representing the top layer of the convection zone. The photosphere and chromosphere (0 z 10) are modeled as an isothermal layer above which the temperature rapidly increases, reaching 1 million K at z ¼ 20. The pressure, density, and temperature of the ambient atmosphere are plotted as functions of height z in Figure 1 . The profile of the magnetic pressure is also plotted as a function of z through the center of a flux rope placed in the polytropic layer, oriented in the x-direction, with the axis located at y ¼ 0, z ¼ À10.
The magnetic field of the flux rope is given by B ¼ B x (r)x þ B (r)â, with B x (r) ¼ B 0 exp (Àr 2 =a 2 ) and B (r) ¼ qrB x (r). Herex denotes the rope axial direction,â is the azimuthal direction in the rope cross section, and r is the radial distance to the central axis. The flux rope is uniformly twisted, with the constant q denoting the angular rate of field line rotation about the axis per unit length of the rope. We set B 0 ¼ 5, the radius a ¼ 2, and the twist q ¼ Àa À1 (left-handed). The plasma pressure inside the rope differs from that of the field-free atmosphere by p 1 (r), where dp
=r, so that the pressure gradient balances the Lorentz force.
The density inside the flux rope is specified as 1 ¼ ½ p 1 (r)=p 0 (z) 0 (z) exp (Àx 2 =k 2 ), where 0 (z) and p 0 (z) denote, respectively, the density and pressure of the field-free equilibrium atmosphere, and k ¼ 10. In this way, the middle section of the rope is made buoyant, and the buoyancy decreases with distance from the center (x ¼ 0). The plasma , defined as the ratio of the gas pressure to the magnetic pressure, is approximately 4 at the axis of the rope. The initial state is identical to that of Fan (2001) , with the exception that the length of the buoyant section of rope (centered at x ¼ 0) is half of the original value. The field lines in the buoyant section of the flux rope now complete only little more than one full turn around the axis, which will have a profound effect on the evolution of the system.
RESULTS

Evv olution and Morphologg y
The midsection of the flux rope buoyantly rises through the convection zone and evolves into an -shaped arched rope that partially passes through the photosphere. show color images of the shear angle (the angle between the magnetic field and the y-z plane measured in degrees). The most salient feature of Figures 2a-2c is the large-scale shear flow in which the left and right sides of the flux rope move in opposite directions, parallel to the x-axis. The effect of the shear flow is to draw the expanding magnetic field nearly parallel with the x-axis, as seen in Figures 2d-2f .
The time sequence in Figure 2 begins (t ¼ 50:0) when the base of the flux rope has buoyantly risen to its maximum height just below the photosphere. At this time, the center of the flux rope is nearly stationary, and the top of the rope is rising with U z < 1, with shearing motion of the order of U x ¼ AE1. The cross section of the rope has evolved in a way very similar to that of Fan (2001) , with one noticeable exception. The field lines located above the O-line of the flux rope (at z ¼ 6) are bulging upward, showing a significant vertical displacement over a relatively short horizontal distance. The magnetic field in this region is drawn nearly parallel to the x-axis (Fig. 2d ) by shearing flows (Fig. 2a) . By t ¼ 57:2 this sheared core erupts upward and compresses horizontally to form a current sheet where the magnetic field begins to reconnect. Reconnection results in the formation of a second magnetic O-line, while the original O-line remains nearly stationary. The shear velocity is at its greatest intensity at this time, when the horizontal flow is concentrated into two thin columns, bracketing the erupting core. The columns extend vertically over the range 4 z 25, in which the flow reaches a maximum value of AE4.1 (AE26.7 km s À1 ) located at (x; y; z) ¼ (0; AE2:4; 7:7). The reconnection process continues, so that by t ¼ 72:8 the field lines of the rope wind about a new O-line that has risen to z % 55. The lowest part of the flux system remains just below the photosphere, and the Near the legs and top of the emerging rope, plasma drains easily because the field lines are nearly vertical at the legs and convex at the top. In the lower horizontal section of the emerging rope, plasma collects in the field-line valleys, where it weighs down the field and prevents it from rising. The distinction between field lines that drain plasma effectively and those that do not is easily seen in Figure 2i . Here, mass-laden field lines with very pronounced valleys are seen (black lines) running just above the photosphere. These black lines do not wrap over the top of the rising flux rope but rather skirt the vertical sides of the rope, which may aid in allowing the erupting section to escape. The unloaded flux pulls away from the mass-laden lines, forming a current sheet where reconnection forms a new rope, seen in blue with a red axis (Fig. 2i) . The field lines of this erupting rope have no valleys and hardly complete a full rotation in the corona. Here, lines going under the rope at the center wrap over the axis only at a lower location, where the rope turns vertical. Therefore, the new erupting rope has little mass containment capability.
To further illustrate the buoyant rise and expansion of the flux rope, we plot the rise velocity of the apex (x ¼ 0) of three magnetic lines as a function of time. The chosen lines are at the top of the rope, the axis of the rope, and the newly formed O-line, for which U z is plotted in Figure 3 as dashed, solid, and dotted lines, respectively. As the flux rope rises through the convection zone, it initially compresses and then rises with a nearly uniform velocity until it reaches the photosphere at t % 25. The rope then decelerates slightly as it encounters the stable stratified isothermal atmosphere. At t % 30 the rise speed for the top of the rope increases as plasma drains from the -shaped loops (see Shibata et al. 1989; Magara 2001) , while the axis of the rope continues to decelerate and comes to rest at z ¼ 2:30. Thus far, the evolution of the rope's central (x ¼ 0) cross section is very similar to that of Fan (2001) ; however, at t % 50 significant differences begin to appear at the upper extremities of the rope. First, the rope top briefly slows down and then accelerates again at t % 50, which coincides with the rapid upward expansion of the sheared core of the rope. A current sheet forms where the legs of the rising loops are compressed together, and subsequent reconnection forms a series of short-lived O-lines starting at t ¼ 51. The O-line that forms the center of the coronal flux rope comes into existence at time t ¼ 62 at height z ¼ 17:8. This O-line quickly accelerates to a maximum speed of U z % 5 at t ¼ 70, as shown by the dotted line in Figure 3 . In the same figure, the height of the new O-line is shown as a function of time with the dot-dashed line. We find that the top of the rope reaches a maximum speed of U z ¼ 4:5 at t ¼ 76, at which time it passes through the upper boundary while still accelerating. In contrast, the top of the rope described in Fan (2001) has a final speed of U z ¼ 0:8 at t ¼ 55 while sharply decelerating. Figure 4 illustrates the time evolution of the magnetic, thermal, and gravitational forces driving the center of the newly formed O-line. Examining the plots, we find that the motion of the O-line (Fig. 3) clearly corresponds with the total force. Early acceleration of the O-line is driven by the magnetic pressure of the axial field, followed by deceleration beginning at t % 70 caused mostly by an increase in magnetic tension, which briefly overwhelms the magnetic pressure. Gravitational forces also show a modest increase for the duration of 70 < t < 75, as density increases at the center of the O-line. The O-line is convex above the photosphere at this time (see Fig. 2i ) and drains plasma. Consequently, the density increase arises from a compression in the y-z plane that also enhances the axial magnetic field strength. For t > 75 a drop in density and magnetic tension allows for a second short-lived burst of acceleration. Finally (t > 80), the flux rope approaches a nearly force-free configuration as magnetic pressure and tension forces balance (while increasing with time) and thermal and gravitational forces become negligible.
Velocity Shear
Essential to the dynamics that drive the evolution of the flux rope is the velocity shear that dominates the horizontal flow pattern. The shearing motions are the consequence of the interplay of the Lorentz force of the magnetic field and the gravitational stratification of the surrounding atmosphere, which conspire to drive the two sides of the flux rope in opposite directions in the following way: As the cross section of the rope expands in the solar atmosphere, the intense pressure stratification of the plasma causes the upper extremities of the rope to expand extensively in the corona, while the lower part remains highly compressed in and below the photosphere. As a result of this deformation, a large vertical gradient occurs in the axial (B x ) component of the flux rope. Examination of the mathematical expression for the Lorentz force reveals how the gradient in B x results in a magnetic tension within the emerging flux rope that drives the shearing motion. Writing the x-component of the Lorentz force as
the first term describes the magnetic pressure, while the second term is the magnetic tension and is nonzero if B x is varying along a given field line. Furthermore, if we examine the gradient of B x on an -shaped field line, we find it is negative traveling up the field line and positive traveling down the line, so that the direction of (B = :)B x is oppositely directed on the two sides of the rope's cross section. In essence, the resulting shear flow can be characterized as a shear Alfvén wave that is driven by the expansion of the magnetic field. This buoyancy-driven shearing mechanism was first identified by Manchester & Low (2000) , in loops rising from a buoyant magnetic layer, and has also been found to apply to buoyantly emerging ropes (Fan 2001 ) and magnetic arcades (Manchester 2003) .
To more clearly illustrate the nature of the velocity shear and the flux rope eruption, we plot in Figure 5a a representative three-dimensional magnetic field line seen projected on the x-z plane (black line). We also plot the shear velocity (U x ), rise velocity (U z ), and plasma density () with lines colored light blue, magenta, and dark blue, respectively. Figure 5b displays the same field in three-dimensional geometry, with the field line colored to illustrate the shear velocity (U x ). The line is shown at time t ¼ 57:2, corresponding with the middle column of panels shown in Figure 2 . At this instant, we see on the left side (x < 0) a nearly horizontal field line a short distance above the photosphere that dips down near the middle, where the density is enhanced. The right side of the line is in the form of a loop that extends to the corona (z % 17). Examining the velocity, we find that the left end of the field line (x % À20) is slowly rising upward, the middle of the line is nearly stationary, and the right-side loop is expanding upward with a speed of U z ¼ 1:5. The rising loop is also characterized by high-velocity shear with a magnitude of %AE2.
The field line is in the process of erupting, making a sudden and sharp transition from a low, concave, density-enhanced state to a loop that is rising, shearing, and draining of plasma. The eruption occurs as a shear Alfvén wave drives the expansion of the right-side loop, causing the sharp bend of the field line to propagate toward the left. Examining Figures 2h and 2i reveals that the field line makes a full rotation about the axis above the photosphere. Originally, the bottom part of the turn is highly sheared, and the top is almost entirely azimuthal, spanning a short distance in the x-direction. As the line erupts, it makes a transformation from having a highly elongated bottom wind and a short top wind, to having a highly elongated top wind and a short bottom wind, where the line sharply bends in Figure 5 . If the bend makes it to a footpoint, the plasma accumulated at the bend drains along the vertical field lines. However, when the bend stops short of a footpoint, it produces a transverse dip in the field line where the accumulated plasma is trapped. The resulting unsheared field line valleys can be seen in the black lines in Figure 2i . The evolution of this field line illustrates that the sheared, horizontal shape of the emerging field may readily dip to support dense plasma such as a prominence. If the field becomes too sheared, it is susceptible to erupting through the action of shear Alfvén waves.
The change in the field line shape illustrates a significant feature of the shearing motion. The shearing transports the axial (B x ) flux to the expanding portion of the field line. In this case, nearly all the axial flux propagates from the bottom dipping wind to the top wind as the line erupts. To illustrate this flux transport, we plot the time variation (Fig. 6 ) of the percentage of the total axial flux that accumulates above a height of z ¼ 5. We chose this level because it is just above the maximum height attained by the original O-line, and it is well centered in the current sheet where reconnection occurs. As such, it marks a reasonably clear boundary between the erupting and nonerupting portions of the flux rope. Examining Figure 6 reveals a nearly linear increase of the axial flux in the upper atmosphere as a function of time. Closer examination of the plot reveals that the flux transport rate peaks at t % 45, which corresponds with the buildup of the sheared core above the axis of the flux rope in Figure 2d . Beyond this time, the slope of the curve decreases slowly until the end of the simulation. Eventually, %80% of the axial flux is transported above the height z ¼ 5, compared to the less than 50% of the axial flux that we would expect above this height without shearing.
Energg etics
To shed some light on the dynamics of the rope emergence, we calculate the Poynting flux in the z-direction passing through a series of horizontal planes ranging from the convection zone to the low corona. Following Kusano et al. (2002) , we divide the Poynting flux into two separate components associated with horizontal and vertical motions, expressed respectively as
The emergence and shearing energy fluxes are plotted in Figure 7 as dotted and solid lines, respectively, at times t ¼ 39:0, 50.0, 57.2, and 72.8, which are shown in colors of purple, red, blue, and black, respectively. Examining the plots, we find at the photosphere that vertical motions provide the dominant energy flux in the early rise of the rope, while the shearing flux dominates the later phase. As a function of time, the emergence energy flux decays rapidly and monotonically, while the shear flux first increases with time and then decays much more slowly than the emergence flux. These photospheric temporal trends confirm what was found by Magara & Longcope (2003) . Additional examination of the spatial distribution of the energy fluxes provides more insight into the evolution of the system. At t ¼ 39 we find that energy passes through the photosphere by way of a bodily rise of the rope, and from there, the energy is transported primarily by shearing motions as the rope expands and the field lines stretch high into the atmosphere. This illustrates an important distinction between the two energy fluxes. The emergence flux is associated with the bodily advection of the rope through the photosphere, while the shear flux is associated with the deformation of the flux rope, characterized by an upward stretching of the field and the related gradient in B x that drives the shearing. The distinction is clear in the time evolution of the fluxes, in which the emergence flux quickly decays as the rise velocity of the (original) axis of the rope approaches zero. The shear flux, on the other hand, is tied to the expansion of the rope, which continues long after the (original) axis has come to rest. This relationship is also seen in the fact that the shear flux at the photosphere is greatest during the buildup of the sheared core (t % 50) and then greatest in the upper atmosphere (z > 5) during the eruption of the rope (t % 57). Finally, we note that the shear flux falls off with height much more slowly than the emergence flux. It is even possible for the shear energy flux to increase with height, as is found at t ¼ 39. Thus, the shear energy flux entering the corona could be greater than suggested from observing the photosphere. Efforts should be made to measure the shear velocity and magnetic field strength in the chromosphere and corona of active regions to more fully understand the energy transport.
COMPARISON WITH OBSERVATIONS
The signatures of this flux rope passing through the photosphere are very similar to those in Fan (2001) . Like that earlier work, we find that this model captures several observed features of newly emerging active regions. The most notable examples are the distribution of B z that resembles sunspots, a horizontal velocity shear pattern, and magnetic loops above the photosphere that resemble H arches (Strous et al. 1996) . Fan (2001) also pointed out similarities with downdrafts close to the sunspots that correspond well with averaged Dopplergrams and a tilt of the sunspots that is opposite to Joy's law.
There are some significant differences between this model and that of Fan (2001) . First and most obviously, the sunspots here are closer together, located at x ¼ AE24 as compared to x ¼ AE30. More significantly, we find that at later times this model produces a quadrupole pattern in the B z flux distribution at the photosphere, which is seen in Figure 2i . This pattern emerges because the shorter section of the buoyant flux rope drains more effectively and rises higher above the photosphere than in Fan (2001) . The ensuing eruption of the flux rope coincides with high shear velocities, as seen in Figure 2b . Such coronal shearing motions can be compared directly with measurements at the solar limb by SUMER on board the Solar and Heliospheric Observatory. Recent observations with SUMER by Chae et al. (2000) have revealed significant velocity shear in active region loops expanding high into the transition region. The loops are observed to be rising at velocities of %25 km s À1 , while the line-of-sight velocity exhibits a velocity shear of %50 km s À1 . The reversal of the velocity occurs at the axis of the loops and qualitatively and quantitatively compares well with our model results. Similar explanations for such observed shearing motions have been made by Manchester (2003) .
In addition to velocity shear, there are other features of this model that can be related to observations, examples of which can be found in Figure 8 . Here we see the system from two perspectives (looking down the z-axis [Fig. 8 , left] and looking from slightly above the x-y plane [Fig. 8 , right] at t ¼ 72:8). Shaded in gray is a three-dimensional isosurface that illustrates the magnitude of the electric current density at value j ¼ 0:01B ph =H ph . Two pairs of field lines colored black and magenta illustrate the geometry of the magnetic field in close proximity to the current sheet. Black lines are mass-laden with plasma concentrated in deep dips, while magenta lines wrap around the outside of the flux system. The current sheet lies in the valley of the black lines, at the interface between mass-laden lines and lines lifting off to form the coronal flux rope. The rope at this time is illustrated with blue lines in Figure 2i . The isosurface shows the upper extent of the current sheet in the range 10 z 20. Above z ¼ 20 the current density quickly vanishes. Below z ¼ 10 the sigmoid continues into the magnetic valley but at a greater magnitude than j ¼ 0:01 shown here. Figure 8 (left) clearly shows that the current sheet and magnetic field lines have an inverse-S-shape.
Current sheets are locations of plasma heating by ohmic dissipation and can be seen in soft X-ray emission in the corona. Often coronal X-ray emissions associated with CMEs have an S-shape (or inverse-S) and are referred to as ''X-ray sigmoids.'' An explanation for these X-ray sigmoids has recently been suggested by analytical and numerical models that identify such sigmoids with current sheets that form as flux ropes emerge in the corona. In the cases of Titov & Demoulin (1999) and Low & Berger (2003) , sigmoidal current sheets are expected to form at the surface separating the flux rope from the surrounding magnetic field. In the case of Fan & Gibson (2003) , a sigmoid-shaped current sheet forms where an emerging kink-unstable flux rope folds back onto itself. In this model, we find that the current sheet forms inside the flux system, as the highly sheared field lines lift off, stretching the field and spontaneously forming a sigmoid-shaped current sheet. Reconnection at this current sheet separates the mass-laden, dipped field lines from the newly forming flux rope erupting into the corona. This evolution is consistent with CMEs in which X-ray sigmoids may appear minutes after the onset of an event. In addition, sigmoids seen before CME initiation often become brighter when the CME erupts (Sterling et al. 2000) . Finally, we find it of interest that the sigmoid shape of the current sheet reflects the geometry of sheared magnetic field lines surrounding and passing through the sheet. Such a resemblance between current sheet and field lines might be observed in sigmoids if heat propagated away from the current sheet parallel to the magnetic field and if the hot plasma Fig. 8. -Structure of the electric current density illustrated with a three-dimensional, shaded isosurface at value j ¼ 0:01B ph =H ph . The magnetic field is depicted with black and magenta lines, which lie close to the current sheet. A color image shows the magnitude B z at the photosphere (z ¼ 0). The system is shown at t ¼ 72:8, at which time much of the magnetic flux has reconnected at the current sheet, forming the flux rope high in the corona.
along the field lines appeared as part of the sigmoid X-ray structure.
SUMMARY AND CONCLUSIONS
We have presented a self-consistent MHD model of a twisted flux rope buoyantly rising through a stratified atmosphere, meant to model solar magnetic flux emergence. We find in this simulation that a short horizontal section of rope drains plasma more effectively than the longer emerging ropes considered in the past. Draining and expansion of the upper portion of the flux rope coincide with shearing motions, which in tandem allow the top turns of the rope to lift off and form a current sheet. High-velocity shearing and magnetic reconnection then drive the upper portion of the rope to erupt into the corona. Shearing drives the early phase of the eruption, but it slows down as the axial flux in the lower portion of the expanding field lines is exhausted. Where the mass-laden and expanding field lines part ways, a sigmoid-shaped current sheet forms. Reconnection at this current sheet helps to sustain the latter phase of the eruption, forming a new rising O-line about which a new flux rope is formed from the loops of the original.
This model has many theoretical implications. To begin with, it is commonly accepted that flux ropes buoyantly rise from the base of the convection zone and reach the photosphere, where they result in the formation of active regions. As was first noted by Parker (1979) , azimuthal flux will propagate to the expanding portion of the flux rope through the action of torsional Alfvén waves, causing it to become more twisted. The waves in this case are in response to the azimuthal component of the Lorentz force that develops when the diameter of the rope locally increases, and the increase in twist in the expanded region restores the global azimuthal force balance. The twisting mechanism works provided the variation in pressure is significant along the length but not across the diameter of the rope, so that the cross section of the rope remains nearly symmetric. These conditions can be met in two ways: first, if the diameter of the rope remains smaller than the local pressure scale height, and second, if the rope is oriented vertically so that uniform pressure is felt across the cross section.
When a flux rope rises through the convection zone, the pressure scale height encountered by the rope becomes smaller and reaches a minimum of 150 km at the photosphere. A significant pressure-induced asymmetry forms in the horizontal cross section of a rope when its diameter becomes larger than the local pressure scale height. At this point, we can expect that the upper portion of the flux rope will begin to expand relative to the lower portion. The subsequent deformation to the magnetic field then results in the Lorentz force driving shear Alfvén waves that in turn transport the axial component of the rope into its expanding portions, rather than torsional Alfvén waves transporting the azimuthal component. To get a sense of the scales typically involved, the diameter of our model flux rope is %10H ph at the photosphere, which is only 1/10 the size of a typical active region. Consequently, in most cases we would expect the shearing process to begin well below the photosphere.
In this model, we find no evidence of the emerging section of the rope becoming more twisted. The field lines of the buoyant section of the flux rope complete approximately one full turn around the rope axis, which remains constant throughout the evolution of the system. As this buoyant section expands at the photosphere, its length increases by nearly a factor of 2, so the field line twist actually decreases. Noting that the duration of the simulation is sufficiently long for an Alfvén wave starting at the source of the perturbation to travel more than twice the distance to the boundary suggests that the extreme deformation of the cross section actually inhibits the further twisting of the rope. Finally, we note that an increase of twist in a rising rope would result in the magnetic field lines becoming more perpendicular to the neutral line during flux emergence. This prediction is in contradiction to observations that show that the magnetic field typically grows increasingly parallel to the neutral line (Wang et al. 1994) .
Our results, in conjunction with the results of Fan (2001) , suggest that it is difficult for a horizontal flux rope to drain sufficient plasma to allow it to bodily emerge from the photosphere. In this case, we find that even a short section of rope (with field lines performing only a single turn about the axis) is able to rise fully into the corona only by shedding the massladen magnetic flux through reconnection. The idea that the coronal component of a flux rope separates from the photosphere is supported by the observation that sections of bipolar regions do not disappear at the photosphere during filament eruptions or CMEs. Furthermore, homologous CMEs may erupt several times from the same active region. If distinct flux ropes do not fully emerge from the photosphere to drive each CME, it would suggest that a single flux rope, partially submerged beneath the photosphere, must separate to erupt multiple times.
In this regard, there are very significant differences between shear and torsional Alfvén waves affecting the ability of a rope to fragment. When a buoyant section of rope expands, the increase in twist brought on by torsional waves only increases the cohesion of the flux rope. The tension of the azimuthal field acts as a restoring force and reduces the amount that the flux rope expands, as illustrated by Longcope & Welsch (2000) . The effect that shear Alfvén waves have on the expanding section of flux rope is just the opposite. Rather than acting as a restoring force, the accumulation of axial flux actually promotes further expansion of the flux rope, which, along with reconnection, allows the upper extremities of the rope to erupt in a way that may drive CMEs. Such a shear-induced eruption is not limited to flux ropes but also applies to magnetic arcades (Manchester 2003) . If this is the case, the persistence of magnetic shear at the photosphere after eruptions such as CMEs suggests the existence of a large reservoir of axial flux below the photosphere. The continued transport of axial flux from below the photosphere by shear Alfvén waves would naturally explain multiple eruptions occurring at an active region. In our model, the velocity of the eruption is limited by the small amount of subphotospheric axial flux, which is exhausted during the eruption. It seems likely that a larger flux rope more typical of the size of an active region would contain far more axial flux, as required to drive a larger eruption.
With regard to this model, we use the term ''eruption'' to describe a significant increase in the rise velocity of emerging flux in the corona that coincides with magnetic reconnection, forming a new flux rope in the corona. While the increase in velocity comes as a sudden transition from a nearly stationary state in some locations, as shown in Figure 5 , there is no quiescent state preceding the eruption, nor is it likely in this case that the newly formed flux rope could escape the corona. When such a flux rope is fully formed in the corona, an increase in twist might further drive an eruption in one of two ways: First, an increase in the hoop force could bodily drive a flux rope from the corona, as numerically modeled by Wu et al. (1999) and Roussev et al. (2003) . Second, it has also been suggested by Rust (2001) that the development of the kink instability associated with an increase in twist could result in sigmoid formation and possibly trigger CMEs. The evolution of a kink-unstable coronal flux rope has recently been modeled by Fan & Gibson (2003) .
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